INTRODUCTION
Inconel 718 is an iron-nickel-base superalloy developed in the early 1960s as an advanced hightemperature, high-strength, oxidation-resistant alloy for use in gas turbine engines. 1 Inconel 718 derives its high-temperature strength from ordered c 0 and c 00 precipitates that comprise nearly 30% of the alloy's volume fraction when in the peak aged condition. 2 While Inconel 718 was developed half a century ago, it is still an industry workhorse alloy, due to the wide degree of knowledge developed to generate uniform precipitate structures. 3 Powder-bed additive manufacturing (AM) methods, such as electron beam melting (EBM) or selective laser melting (SLM) are transformative technologies which are capable of near-net shape fabrication of components with complex geometries in a broad range of alloy systems. 4 Inconel 718 fabrication by EBM or SLM is of particular interest due to the widespread use of the alloy in aerospace and other applications in which the ability to fabricate components quickly with a large degree of design flexibility is highly valued. [5] [6] [7] [8] [9] [10] [11] However, the repeated thermal exposure that occurs as a result of layer addition generates microstructures unlike those seen in traditionally processed counterparts.
Recently Tian et al. 7 studied the microstructure formation in Inconel 718 produced through direct laser melting. In their work, they showed microstructure heterogeneities within the builds at different length scales including interdendritic and interprecipitate regions. These multi-scale heterogeneities were correlated to primary solidification, remelting, and solid-state precipitation kinetics of c induced by solute segregation, as well as multiple heating and cooling cycles induced by the laser additive manufacturing process. Strondl et al. 11 studied the effect of EBM processing on Inconel 718 and observed that MC carbides preferentially align along the build direction. Further, Sames et al. 6 observed that increasing or decreasing the rate at which EBM Inconel 718 builds cool influences the monotonic tensile properties within the build plane at room temperature based upon the precipitation and coarsening of the strengthening c 00 . While much focus has been placed on developing process parameters through which alloy deposits are produced in a defect-free manner, little emphasis has been given to understanding microstructure formation and evolution in AM processed alloys. 9, [12] [13] [14] Particularly, little emphasis has been given to developing the processing science and understanding to control the as-fabricated microstructure, such that a given post-process always produces the desired microstructure. The focus of this paper is to understand the microstructure formation in Inconel 718 produced through EBM and specifically the microstructure and tensile property gradients as a function of build height.
EXPERIMENTAL PROCEDURE AND METHODS
An Arcam A2 EBM machine was used to build prismatic blocks and cylinders of dimensions 100 Â 100 Â 20 mm out of Inconel 718. The feedstock material was plasma-atomized Inconel 718 powder with a size distribution of 40-120 lm (À100 þ 325 mesh) and nominal chemical composition given in Table I , which was manufactured by Advanced Powders and Coatings (Quebec, Canada). For the build, an Arcam A2X EBM machine equipped with EBM Control V4.1 was used with the standard linear melt theme for Inconel 718. The build began once a preheat temperature of 975°C was achieved. Throughout the build, an average beam current of 32 mA with a gun-accelerating voltage of 60 kV was used. For the build, a layer thickness of 75 lm was used.
Specimens for monotonic tensile testing were machined from the prismatic blocks perpendicular to the build direction. From each block, five specimen blanks were removed with a center-to-center spacing of 15 mm. The specimens were then machined into cylindrical dogbone geometry with a gauge diameter of 5.6 mm and gage length of 42 mm. Room-temperature monotonic tensile experiments were conducted according to ASTM E8-13a and ASTM E21-09 for tensile experiments conducted at 650°C. 15, 16 In all cases, the tensile experiments were done in open air conditions and at a strain rate of 0.005 (mm/mm)/min.
Samples were sectioned using an Allied High Tech TECHCUT 5 and mounted in KonductoMet using a Buehler SimpliMet XPS1. The mounted samples were metallographically prepared using successively finer silica carbide grinding paper and given a final polish with 1 lm diamond on an Allied High Tech MetPrep 4. Chemical etching via submersion using a mixture of HCL, acetic acid, and HNO 3 (1:1:1) was used to reveal the microstructure. Microscopy was conducted using a Leica DM4000M optical microscope and a Hitachi S4800 field emission scanning electron microscope. Foils for transmission electron microscopy (TEM) were prepared using a Hitachi NB5000 DB-FIB. TEM analysis was completed using an FEI Talos F200X field-emission 200 kV analytical TEM-STEM. Quantification of the primary dendrite arm spacing (PDAS) was determined through measuring the center-to-center distance between neighboring primary dendrite arms across a given region and averaging the measurements of that region. The c 0 size was characterized through measuring the major axes of the individual c 00 found within TEM foil and averaging the values. Figure 1 shows a characteristic microstructure gradient common to all EBM Inconel 718 builds in the as-built state. However, the specific quantitative attributes are build-and process history-specific. The gradient can be thought of in similar terms to the heat-affected zones observed in welding processes where the weld microstructure varies with distance from the weld center. [17] [18] [19] [20] From macroscopic characteristics, the gradient can be divided into three distinct regions: Region 1 -cored dendritic structure, Region 2 -diffuse dendritic structure, and Region 3 -bulk steady-state structure comprising grains lacking dendritic characteristics.
RESULTS AND DISCUSSION
Region 1 contains the last 8-10 layers (600-750 lm) and is comprised of a dendritic structure as shown in Fig. 2 . Characteristic of Region 1 is the presence of a change in the primary [001] growth direction of the dendrites spanning the last 50 lm of the build. This is attributable to changes in the orientation of the thermal gradient near the top of the melt pool. 19 Given large enough thermal gradients, heterogeneous nucleation can also occur causing an equiax cap at the top of the build as reported for laser AM processes. 19, 21, 22 Within the columnar region, the PDAS is 7 lm. Based on experimentally derived cooling rate/PDAS relationships, a cooling rate of 1000°C/s for the EBM Inconel 718 material can be approximated. [23] [24] [25] Comparatively, the cooling rates in laser AM processes have been reported to be 10009 greater. 7 As a result, it would be expected that EBM-induced solidification promotes a greater amount of elemental segregation than laser processes. Fig. 3 is a micrograph taken from within 100 lm of the top surface of the build. Within the matrix, c 00 with an average size of 80 nm has precipitated. Due to the short time (%180 s) between the addition of the last two layers and completion of the build in relation to the c 00 precipitation kinetics, the c 00 observed in Fig. 3 can be assumed to have precipitated after completion of the build. 2, 17, 26 Carbides and Laves phase of composition determined by TEM EDS (Table II) Laves phase is richer in both Nb and Mo. 17 The compositional differences can be attributed to the slower cooling rates in EBM than in welding. 17 The chemistry of the numbered precipitates is shown in Table II. Region 2 is marked by a diffuse microstructure as shown in Figs. 1 and 4 and spans a distance of 3.5 mm. The primary dendrites coarsen from 7 lm at the transition from Regions 1 to 2 to 10 lm on average at the transition with Region 3, while the secondary dendrite arms undergo dissolution over the same vertical distance. Correspondingly, the time at temperature has the net result of decomposing the grain boundary/interdendritic Laves phase shown in Fig. 3 . This is consistent with the metastable Laves phase kinetics. 3 Further, the lack of Laves can be considered beneficial, due to the phase's brittle nature and behavior as a crack initiator. [27] [28] [29] Replacing the Laves phase within the interdendritic areas are small networks of 500-nm-long d needles as shown in Fig. 5 . The formation of grain boundary d can be attributed to the presence of concentrated niobium in the interdendritic regions 3 and most likely associated with the niobium present from the dissolution of the Laves phase.
Shown in
The steady-state bulk microstructure (Region 3) starts 5 mm from the top of the build and traverses the remaining height of the build. The transition into Region 3 is marked by columnar grains lacking the characteristics of a cored dendritic structure. The observed homogenization is attributed to the short diffusion distances in the fine-scale microstructure and significant time (minimum 3 h) Fig. 6 (a) 925,000 magnification, (b) 9100,000 magnification. C. 31 At higher temperatures d can also precipitate directly into the austenitic c matrix at locations of high niobium concentration as shown in Fig. 7 . 31 With the precipitation of the intragranular d; the surrounding matrix becomes denuded of c 00 (Fig. 8) . Further, the c 00 size has declined to 35 nm at the bottom of the build. However, each of the three possible c 00 orientation variants ( 100 f g c 00 == 100 f g c ; ½001 c 00 ==h001i c ) with the c matrix remain as indicated by TEM diffraction analysis (Fig. 9) . 32, 33 To understand the effects of layer addition on the existing material, the heat transfer finite-volume code TRUCHAS developed at Los Alamos National Laboratory, was used. 34 In the simulations, it was assumed that the bulk material equilibrated at 900°C, the electron beam moved in a raster pattern, and the electron beam had an effective beam diameter of 200 lm. Figure 10 shows the resultant simulated thermal profile for the addition of a new layer on the existing material. The addition of a layer results in the full melting of the uppermost two layers below the 75-lm one being added. Further, the addition of a new layer was found to result in temperatures in excess of the incipient melting temperature of Inconel 718 five layers beneath the one being added. Reported incipient temperature for Inconel 718 is in the range of 1149-1230°C; the temperature is dependent on the solidification conditions. 11, 17, 35 As a result, repeated incipient melting can be assumed to account for the refinement of the dendritic structure observed in the transition between Regions 1 and 2. The effect being similar to that of zone refinement in castings. Additionally, the homogenized grain structure observed in Region 3 can be associated with the materials temporal exposure to the high build temperatures and the fine scale of the microstructure. Figure 11a shows the variation in the yield strength, ultimate strength, and elongation at failure as a function of build height for the material tested within the build plane. The corresponding stress-strain curves are shown in Fig. 11b and c for the room-temperature (20°C) and high-temperature (650°C) exposure. As seen, the yield and ultimate stress exhibit a height dependence starting 30 mm below the top of the build. Additionally, the elongation at failure exhibits the general trends of progressively declining with increasing distance from the top surface of the build. Comparatively, the yield and tensile strengths for the as-built EBM Inconel 718 are both 30% less on average than wrought Inconel 718 in the peak-aged state. 36 From the observed mechanical property gradient, Regions 1 and 2 of the microstructure gradient can be considered to have minimal influence on the tensile behavior of the as-built material. This can be attributed to the relative lack of d in Regions 1 and 2. The progressive decline of the monotonic properties at distances greater than 30 mm below the top of the build can be attributed to the increasing amounts of precipitated d at the cost of the strengthening c 00 as shown in Figs. 6 and 7. Mechanically, the d phases is largely considered detrimental in Inconel 718 due to the brittle nature of the phase. 2, [37] [38] [39] Additionally, as the distance from the top of the build increases, the remaining c 00 increasingly coarsens according to Oswald ripening kinetics. 39 This has the undesired effect of over-aging the material and influences whether the c 00 is sheared or by-passed by dislocations during mechanical deformation. 2, 40, 41 As will be discussed in a companion paper, a post-processing heat treatment is required to homogenize the material and eliminate the microstructure/ mechanical property gradient.
CONCLUSION
The effects of the EBM build process on the microstructure and mechanical behavior of Inconel 718 have been investigated. While these effects were considered in the context of a specific build Computational simulations of layer addition revealed that the addition of a layer resulted in the full or partial remelting of solid material approximately 5 layers beneath the one being added. This continual melting, solidification, and remelting sequence causes the diffuse dendritic structure observed in Region 2. Additionally, the homogenized structure observed in Region 3 is attributed to the exposure of the material to the high build temperatures. As a function of build height, the in-plane monotonic properties of the build exhibit a gradient similar to the microstructure but on a larger length scale. With increasing distance from the bottom of the build, the yield and tensile strength and elongation progressively increase. The mechanical property gradient is associated with the increased precipitation of d and corresponding decomposition of the strengthening c 00 with increased distance from the top of the build.
